A carbon with Pt (C-Pt) catalyst was prepared by a co-sputtering technique. Pt4f peaks of the prepared sample were observed at higher binding energies than those of a Pt sputtered sample. These Pt4f peaks shifted to the low binding energies with an increase in a post-annealing temperature, whereas the C1s peak position was unchanged. For the C-Pt catalyst as sputter-deposited, the methanol oxidation performance was enhanced by the presence of O 2 . This O 2 -enhnaced methanol oxidation was suppressed by the post-annealing at 160°C, while the reaction selectivity of the methanol oxidation was retained.
Introduction
Direct methanol fuel cells (DMFCs) directly generate an electronic power from electrochemical reactions of methanol oxidation and O 2 reduction. Therefore, DMFCs are a power generator with high energy conversion efficiency, and are expected to replace batteries for portable electronic devices, because of the compact sizes. 1 However, the state-of-the-art DMFCs have relatively low power generation performances, which disturb their practical applications.
There are some reasons for suppressing the power generation of DMFCs. [1] [2] [3] [4] [5] [6] [7] [8] For example, a part of methanol fuel permeates from the anode to the cathode through a polymer electrolyte membrane during the DMFC operation (i.e. methanol crossover), which significantly suppresses the O 2 reduction performance at the cathode. 1, [4] [5] [6] [7] [8] At the anode, a small amount of O 2 supplied leaks from the cathode (O 2 -crossleak), resulting in the low methanol oxidation performance. 8 The decreases in these electrode reactions are attributed to a competitive reaction of the methanol oxidation and the O 2 reduction. 9 This is because Pt-based electrocatalysts used in the DMFCs have high activities for both reactions of the methanol oxidation and O 2 reduction. 9, 10 To address the problems of DMFCs, as mentioned above, electrocatalysts having reaction selectivity of O 2 reduction or methanol oxidation have been investigated. [11] [12] [13] [14] [15] [16] Of them, we examined the reaction selectivity of methanol oxidation at Pt-based catalysts. [13] [14] [15] [16] The results showed that for specific atomic ratios, carbon with Pt (C-Pt) and Pt-Ru (C-Pt-Ru) catalysts prepared by a co-sputtering technique have not only the reaction selectivity of methanol oxidation, but also an outstanding methanol oxidation performance that is enhanced by the presence of O 2 . 13, 15 A membrane electrode assembly (MEA) is the most important component of DMFCs. The MEA has a structure that a polymer electrolyte membrane is sandwiched between the anode and cathode catalyst layers, which is generally prepared by hot-press. 1, 7, 8, [17] [18] [19] Naturally, the electrocatalysts are heated during this MEA preparation process, however, heat-effects on their reaction selectivity are still uncertain. To clarify this matter, in this study, the C-Pt co-sputtered catalyst was treated by a post-annealing, and the physical properties of the obtained samples and their methanol oxidation performances in deaerated and aerated atmospheres were investigated.
Experimental
2.1 Preparation of C-Pt co-sputtered catalyst 13, 15 A C-Pt catalyst was prepared by a multi-sputter-target sputtering machine (ULVAC, CS-200). Two graphite carbon disks and one Pt disk (diameter, 8 cm) were used as the sputtering targets. A glass plate (area, 16 © 16 mm; thickness, 0.3 mm) and an Au flag electrode (diameter, 8 mm; thickness, 0.05 mm) were used as sputter-deposition substrates. The experimental procedure for the sputter-deposition is described as follows. 13, 15 Before use, the substrates were washed by ultrasonic agitation in acetone and then in pure water for 10 min each. After drying, the cleaned substrates were set in a rotating holder and this holder was installed in a vacuum chamber. The chamber was then evacuated by rotary and turbomolecular pumps to a base pressure of 3 © 10 ¹4 Pa. Subsequently, 99.999% Ar gas was introduced into the chamber to a pressure of 3 Pa, and the substrates were exposed to an inverse sputter etching process to remove any residue from the surface. After the etching, C and Pt were sputtered simultaneously onto the substrates at the Ar gas pressure of 3 Pa for 30 min at room temperature, while the substrate holder was rotated at 10 rpm. DC power of 500 W and RF power of 52 W were supplied to the C and Pt targets, respectively, resulting in the atomic ratio of C to Pt of 44:56. 13, 15 The formed C-Pt layer was 5 mm diameter and ca. 100 nm thickness. After sputtering, the pressure in the chamber was allowed to return to atmospheric pressure before the samples were removed. The obtained C-Pt catalyst was further treated by a post-annealing at 80 and 160°C for 20 min in a vacuum oven. Hereafter, the untreated sample is denoted by C-Pt(UT) and the post-annealed samples are denoted as by C-Pt(T), where T represents the post-annealing temperature.
For comparison, a Pt sputtered sample was also prepared according to the above mentioned procedure. Sputtering conditions The Electrochemical Society of Japan http://dx.doi.org/10.5796/electrochemistry.83.368
were an Ar gas pressure of 3 Pa, a RF power of 100 W, and a sputtering time of 30 min.
Physical characterization of C-Pt catalysts
The C:Pt atomic ratio of the co-sputtered catalyst was analyzed by an energy-dispersive X-ray analyzer (EDS: JEOL, JED-2300) combined with a scanning electron microscope (SEM: JEOL, JSM-6060A) using the sample prepared on the glass plate. The electronic structures of the deposited C and Pt on the Au flag electrode before and after the post-annealing were evaluated by X-ray photoelectron spectroscopy (XPS: JEOL, JPS-100SX) using Mg-KA irradiation for photoelectron excitation. For this measurement, the sample surfaces were cleaned by Ar ion etching, and then the XPS data were measured at an edge of the deposited layer to reference the obtained spectra with respect to Au4f 7/2 core level of the Au flag electrodes (83.8 eV). 16 2.3 Electrochemical measurements 13, 15 The methanol oxidation at the C-Pt catalyst was measured using a three-compartment electrochemical cell. A supporting electrolyte of 0.5 mol dm ¹3 H 2 SO 4 solution was prepared by diluting concentrated H 2 SO 4 (Wako Pure Chemical) with Milli-Q water. Electrochemical measurements were conducted at 25°C using Ag/ Ag 2 SO 4 as a reference electrode 8, 19 and a Pt coil as a counter electrode. The electrode potential was controlled by a potentiostat (Hokuto Denko, HA 150). All electrode potentials in this report are with reference to the normal hydrogen electrode potential (NHE) at the same temperature.
Prior to the measurements, the working electrode, which was composed of the C-Pt catalyst prepared on the Au flag electrode, was pretreated by a potential cycle of 0.04-0.8 V vs. NHE at a rate of 10 mV s ¹1 in N 2 -saturated 0.5 mol dm ¹3 H 2 SO 4 for 60 min, so that the electrode surface was stabilized. Subsequently, a background cyclic voltammogram of the C-Pt sputtered electrode was measured in N 2 -saturated 0.5 mol dm ¹3 H 2 SO 4 solution. The electrode potential was swept at a rate of 10 mV s
¹1
. From the obtained voltammogram, the electrochemical surface area (ESA, in cm 2 ) was calculated using the following equation:
where Q H is the averaged coulomb charge associated with H adsorption/desorption (in µC) and 210 is the coulomb charge of H adsorption/desorption per unit surface area of Pt (in µC cm ¹2 
Results and Discussion
The post-annealing effects on the physical property of the C-Pt catalyst were evaluated by XPS. Figure 1 shows the survey spectra of the untreated and post-annealed C-Pt samples. In this figure, the data of the Pt catalyst is also represented for reference. For the Pt catalyst, the observed peaks are assigned to Pt4f, Pt4d, Au4f, and Au4d signals, 21, 22 which originate from the sputtered Pt and the Au flag electrode. Similar results are also obtained for the C-Pt catalysts. However, the spectra of the C-Pt catalysts present a small peak corresponding to C1s signal, revealing the deposition of C. It is noted that the O1s peaks appear in all the spectra, 21, 22 possibly suggesting that the prepared samples contain impurities. However, the amounts of impurities in the C-Pt samples are almost the same as those in the Pt sample, because of the similar magnitudes of O1s peak. Figure 2 represents C1s spectra of the C-Pt catalysts before and after the post-annealing. For all the samples, the C1s peak is observed at 284.4 eV corresponding to the binding energy of carboncarbon bond such as a C=C bond (284.5-284.7 eV). 23 These results indicate that the electronic correlation between the sputtered C and Pt atoms is negligibly small and the electronic structure of the C is not changed by the post-annealing. Figure 3 shows the Pt4f spectra of the same C-Pt samples with the data of the Pt sputtered catalyst. Dotted lines in this figure express the reported binding energies of the Pt4f peaks of Pt(0). 24 In the spectrum of C-Pt(UT), two peaks ascribed to Pt4f 7/2 and Pt4f 5/2 peaks are observed at 71.4 and 74.7 eV, respectively, which are higher than those for the Pt sputtered catalyst (Pt4f 7/2 : 71.2 eV, Pt4f 5/2 : 74.5 eV). Our previous study has shown that the Pt cluster sizes are decreased by the co-sputtering with C. 13 Thus, the particular electronic structure of the Pt in C-Pt(UT), as mentioned above, is assumed to originate from its small sizes. On the other hand, the binding energies of the Pt4f peaks for C-Pt(80) are similar to those for C-Pt(UT), revealing that the post-annealing effect at 80°C is very small. However, the Pt4f peaks observed for C-Pt(160) (Pt4f 7/2 : 71.2 eV, Pt4f 5/2 : 74.5 eV) shift toward the peak positions of the Pt sputtered catalyst. This result suggests that the particular 9 Furthermore, in the O 2 atmosphere, a pure chemical reaction of methanol and O 2 has been reported to disturb the electrochemical reaction of methanol oxidation in the potential region above open circuit potential of O 2 reduction. 9 These factors contribute to the decrease in the methanol oxidation performance of the Pt catalyst in the presence of O 2 .
Whereas, the shapes of the H adsorption/desorption peak in the cyclic voltammogram of C-Pt(UT) in 0.5 mol dm ¹3 H 2 SO 4 are slightly unclear, because the deposited Pt is an amorphous-like structure. 13 However, the obtained profile is similar to that of the Pt catalyst, revealing that there are no impurities in the solution as well as on the surface of the C-Pt catalyst. Remarkably, the methanol oxidation current at C-Pt(UT) significantly increases in the presence of O 2 , while its O 2 reduction performance is relatively low. These results imply that the methanol oxidation reaction is enhanced by O 2 , which may concern the low O 2 oxidation performance. It is emphasized that the O 2 -enhanced methanol oxidation was observed, even though a mirror-finished glassy carbon plate was used as the substrate instead of the Au flag electrode. On this basis, the O 2 -enhanced methanol oxidation performance of C-Pt(UT) is not induced by the physical and electrochemical properties of the Au flag electrode used, but is ascribed to the characteristics of the C-Pt catalyst itself. The mechanism of this outstanding methanol oxidation in the presence of O 2 has also been discussed in our previous report.
13 Figure 5 shows the methanol oxidation voltammograms of (A) C-Pt(UT), (B) C-Pt(80), and (C) C-Pt(160) with the O 2 reduction voltammograms. At C-Pt(80), the methanol oxidation currents in the N 2 and O 2 atmospheres are greater than those at C-Pt(UT). This result is possibly attributed to the changes in the Pt crystallinities by the post-annealing, however, the detailed reasons remain unclear. It is also seen in this figure that the methanol oxidation current at C-Pt(80) increases in the presence of O 2 , and the O 2 reduction performance is low. When the ratios of the methanol oxidation current densities in the O 2 atmosphere versus those in the N 2 atmosphere were determined at 0.70, 0.75, and 0.80 V vs. NHE, 13 the values of ca. 1.4 were obtained for both of C-Pt(UT) and C-Pt(80). Thus, the post-annealing at 80°C does not affect the O 2 -eanhaced methanol oxidation trend at the C-Pt catalyst. As for C-Pt(160), the methanol oxidation current in the O 2 atmosphere is similar to that in the N 2 atmosphere, although the remarkable change in the O 2 reduction performance is not observed. This result reveals that the methanol oxidation selectively occurs at C-Pt(160), however, this sample has no O 2 -enhanced methanol oxidation performance. It is noteworthy that the particular electronic structure of the Pt deposited in the C-Pt catalyst changes to that of the normal Pt with the increase in the post-annealing temperature, as explained in Fig. 3 . This factor has reported to lead to the change in the adsorption energies of CO 26 and O-species 27,28 on Pt, which may affect the reaction selectivity of methanol oxidation at the C-Pt catalyst. Consequently, it is important to pay attention to the hotpress temperature in the MEA preparation for achieving the DMFCs using the C-Pt catalysts at the anode. Electrochemistry, 83(5), 368-371 (2015)
Conclusions
In this study, we evaluated the post-annealing effects on the physical property and the methanol oxidation performance of the C-Pt catalyst. As a result, the post-annealing of the C-Pt catalyst at 160°C induces the negative shifts of the Pt4f peaks toward the binding energies of normal Pt. This effect is most likely to lead to the decrease in the O 2 -enhanced methanol oxidation at the C-Pt catalyst, although the methanol oxidation selectivity remains. Thus, the hot-press temperature for preparing MEA will be an important factor in the practical application of the DMFCs using the C-Pt catalysts at the anode. 
